Pentosuria is one of four conditions hypothesized by Archibald Garrod in 1908 to be inborn errors of metabolism. Mutations responsible for the other three conditions (albinism, alkaptonuria, and cystinuria) have been identified, but the mutations responsible for pentosuria remained unknown. Pentosuria, which affects almost exclusively individuals of Ashkenazi Jewish ancestry, is characterized by high levels of the pentose sugar L-xylulose in blood and urine and deficiency of the enzyme L-xylulose reductase. The condition is autosomal-recessive and completely clinically benign, but in the early and mid-20th century attracted attention because it was often confused with diabetes mellitus and inappropriately treated with insulin. Persons with pentosuria were identified from records of Margaret Lasker, who studied the condition in the 1930s to 1960s. In the DCXR gene encoding L-xylulose reductase, we identified two mutations, DCXR c.583ΔC and DCXR c.52 (+1)G > A, each predicted to lead to loss of enzyme activity. Of nine unrelated living pentosuric subjects, six were homozygous for DCXR c.583ΔC, one was homozygous for DCXR c.52(+1)G > A, and two were compound heterozygous for the two mutant alleles. L-Xylulose reductase was not detectable in protein lysates from subjects' cells and high levels of xylulose were detected in their sera, confirming the relationship between the DCXR genotypes and the pentosuric phenotype. The combined frequency of the two mutant DCXR alleles in 1,067 Ashkenazi Jewish controls was 0.0173, suggesting a pentosuria frequency of approximately one in 3,300 in this population. Haplotype analysis indicated that the DCXR c.52(+1)G > A mutation arose more recently than the DCXR c.583ΔC mutation.
dicarbonyl reductase | exome sequencing | glucuronic acid | history of genetics I n his 1908 Croonian Lectures to the Royal College of Physicians of London, Archibald Garrod introduced the concept of "inborn errors of metabolism" (1) . He illustrated the concept with albinism, alkaptonuria, cystinuria, and pentosuria, each of which he postulated to be caused by recessive inheritance of a disease-specific chemical error (2) . His concept was the first link between Mendelian factors, which had been rediscovered not long before (3) , and enzyme chemistry, also then in its infancy (4) . For three of the four traits described by Garrod, the underlying mutations have been identified (reviewed in ref. 5) . In contrast, the molecular genetic basis of pentosuria remains unknown.
Pentosuria (MIM 260800), first described in 1892 (6) , is characterized by high urinary excretion (1-4 gm/d) of the pentose sugar L-xylulose. In 1970, the critical enzyme deficiency was identified as L-xylulose reductase (7) . The phenotype results from a defect in the glucuronic acid oxidation pathway (8) . In this pathway, the carboxyl carbon atom of D-glucuronic acid is removed in a series of reactions, giving rise to the pentose Lxylulose, which is then converted to xylitol, and hence to Dxylulose, which may be phosphorylated to participate in reactions of the pentose phosphate pathway, leading to its conversion to hexose phosphate (9) . In pentosuria, failure to convert L-xylulose to xylitol leads to accumulation of L-xylulose. Pentosuria is completely benign, but in the first half of the 20th century attracted attention because it was confused with diabetes (9) . For as long as standard testing for urine sugars did not differentiate between glucose (the six-carbon sugar of diabetes mellitus) and pentose (the five-carbon sugar excreted in pentosuria), persons with pentosuria were often inappropriately treated with insulin, leading to hypoglycemic reactions. Once a specific test for glycosuria was developed, individuals with pentosuria no longer came to clinical attention. Pentosuria is found almost exclusively among persons of Ashkenazi Jewish ancestry. The confusion of pentosuria and glycosuria in this population in the early 20th century motivated the intensive study of pentosuria by Margaret Lasker (1884-1976), a clinical biochemist working at Montefiore Hospital in New York. Margaret Lasker developed an accurate method for testing for L-xylulose in urine (10), a major contribution to resolving diagnostic errors. Based on extensive pedigree and survival analyses of persons with pentosuria and their families, she concluded that the trait was inherited as an autosomal recessive (11) and had no impact on mortality (12) . The gene DCXR, encoding L-xylulose reductase, was cloned in 2002 (13) and its tetrameric structure was elucidated in 2004 (14) , but mutations responsible for pentosuria were not identified.
Results
In the course of sequencing genomic DNA, we serendipitously discovered in an individual of Ashkenazi Jewish ancestry a heterozygous single base-pair deletion in DCXR (MIM 608347), which encodes L-xylulose reductase. The single base-pair deletion, chr17:79,994,115delG, corresponds to DCXR c.583ΔC (NM_016289) and leads to a stop six codons after the frameshift (DCXR p.His195fs6X) (Fig. 1A) . We hypothesized that the predicted loss of more than 50 amino acids resulting from this mutation would abrogate L-xylulose reductase function and therefore could be the cause of pentosuria in homozygous individuals.
The challenge to linking the DCXR genotype to the pentosuria phenotype was that pentosurics are no longer identified because current routine urine tests do not reveal pentosuria and the condition is completely benign. However, in the hopes of future research on pentosuria, at the end of her career, Margaret Lasker bequeathed to one of the authors (A.G.M.) the data and records of more than 90 pentosuric families she had studied between 1930 and 1964. We were therefore able to search for surviving pentosuric probands and adult children of pentosurics from these families. We located and contacted informative members of 15 families, some of whom had been previously described in the literature (9, 12, (15) (16) (17) . All families contacted agreed to participate in the present study (Fig. 2) .III-1) were heterozygous for DCXR c.583ΔC and one pentosuric subject (81.II-2) had only wild-type sequence at this site. To determine whether additional DCXR mutations were responsible for pentosuria in these individuals, we sequenced the complete DCXR gene from their genomic DNA and identified a second mutation at chr17:79,995,506C > T, equivalent to DCXR c.52(+1)G > A (Fig. 1 B-D) . Among the three un- resolved pentosuric subjects, one (81.II-2) was homozygous for DCXR c.52(+1)G > A and two (55.III-1 and 63.III-1) were compound heterozygotes for both DCXR c.583ΔC and DCXR c.52(+1)G > A. DCXR c.52(+1)G > A alters the splice donor site of DCXR intron 1 (Fig. 3) . Analysis of DCXR cDNA from lymphoblast cell lines of proband 81.II-2 revealed aberrant splicing leading to multiple mutant DCXR transcripts. Mutant transcripts (n = 68) from this allele were cloned and sequenced. All clones had aberrant splicing at the 3′ end of exon 1. In contrast, in an individual without the DCXR c.52(+1)G > A mutation, 100% of transcripts (n = 76) spliced correctly at the 3′ end of exon 1.
Both pentosuria-associated DCXR mutations are likely to be deleterious to the structure and function of the DCXR protein. DCXR functions in vivo as a homotetramer (13), requiring the dinucleotide cofactor NADPH. Examination of the 3D structure of DCXR bound to NADP + indicates that residues in the Cterminal region are important for interaction between individual monomers (14, 18) . Given that the protein encoded by the DCXR c.583ΔC allele lacks more than 50 C-terminal amino acids of the 244-aa protein, formation of a functional tetramer by this allele is likely to be reduced or eliminated. The mutant transcripts generated by the DCXR c.52(+1)G > A allele (Fig. 3) are also likely to lead to loss of normal protein function. The deleted region of the first mutant transcript from DCXR c.52(+1)G > A encodes a large part of the NADP + cofactor-binding domain (14, 18) . The second mutant transcript from DCXR c.52(+1)G > A encodes only 15 wild-type amino acids. The third mutant transcript from DCXR c.52(+1)G > A leads to deletion of Lys17 and Gly18, altering the NADP + contact residues at Lys17 and Ile19 (14) .
To investigate the effects of the mutations on DCXR protein expression, we analyzed lysates from lymphoblast cell lines of wild-type and mutant DCXR genotypes by immunoblotting. We used an antibody directed against an epitope predicted to be present in all mutant proteins except the 25-aa product of the DCXR c.52(+1)G > A allele. No DCXR protein was detectable in individuals with pentosuria of any genotype (Fig. 4A ). This observation suggests that neither DCXR mutant allele produces stable protein. In addition, DCXR protein levels were substantially lower in heterozygous individuals than in individuals with normal DCXR genotypes, reflecting the heterozygote effect previously detected by enzyme assays (19) .
The definitive indication of pentosuria is elevated levels of Lxylulose in urine and blood (16, 20, 21) . The individuals in our study had been last evaluated for pentosuria more than 50 y ago. To verify that they still expressed the condition and that the phenotype is indeed associated with mutations in the DCXR gene, we measured the level of xylulose in blood plasma of participants of various pentosuria genotypes using hydrophilicinteraction liquid chromatography-atmospheric pressure chemical ionization-mass spectrometry (HILIC-APCI-MS) (22) . The amount of xylulose was at or below the limit of detection for the method (1.7 × 10 5 mg/dL) in plasma samples from control (+/+) or heterozygous (+/−) individuals (Fig. 4B, Figs . S1 and S2, and Table S1 ). The absence of xylulose accumulation in heterozygous individuals suggests that reduced levels of xylulose reductase are sufficient to convert xylulose to xylitol. In contrast, in all plasma samples from individuals homozygous for either DCXR mutation or compound heterozygous for the two mutations, the amount of xylulose ranged from 0.9 to 1.9 mg/dL. The HILIC-APCI-MS method does not distinguish between L-and D-xylulose, so it is necessary to assume that these levels of xylulose reflect elevated L-xylulose. These results confirm the original diagnoses of pentosuria in these individuals and support the conclusion that mutations in the DCXR gene are associated with the condition.
Given that we found two DCXR mutations for pentosuria in the Ashkenazi Jewish subjects from Margaret Lasker's studies, it was of interest to evaluate the historical origins of the two mutant DCXR alleles. To determine the frequencies of the two DCXR mutations in the Ashkenazi Jewish population, we genotyped these alleles in 1,067 individuals of Ashkenazi Jewish ancestry, identifying 29 individuals heterozygous for DCXR c.583ΔC and 8 individuals heterozygous for DCXR c.52(+1)G > A. No controls were homozygous or compound heterozygous for the DCXR alleles. The corresponding allele frequencies among controls are thus 0.0136 for DCXR c.583ΔC, 0.0037 for DCXR c.52(+1)G > A, and 0.0173 for the two alleles combined, leading to an expected frequency of pentosuria in this population of (0.0173) 2 = 0.000300, or ∼1 in 3,300 individuals. Transcripts (n = 68) from this allele were cloned and sequenced. Exons 1 to 3 are diagrammed for the wild-type sequence. The site of the splice mutation in the genomic sequence is illustrated with a dashed line. Splice variant 1 (sv1, 41% of clones) extends exon 1 by 17 bp, skips exon 2, and splices into exon 3 at a site 120 bp after the canonical splice site. This variant creates an in-frame deletion of 68 aa. Splice variant 2 (sv2, 29% of clones) deletes 6 bp at the end of exon 1 and splices into exon 3 at the site 120 bp from the canonical splice. This variant introduces a frame-shift and premature stop (shown in red). Splice variant 3 (sv3, 12% of clones) deletes 6 bp at the 3′ end of exon 1 and splices canonically into exon 2 and then exon 3, creating an in-frame deletion of Lys17 and Gly18. The remaining 18% of clones represented multiple transcripts, each present once or twice, and all with aberrant splicing at the 3′ end of exon 1. As a recessive trait, pentosuria appears more frequently in a historically endogamous population. Deviation of DCXR genotypes from Hardy-Weinberg equilibrium could be evaluated by comparing observed numbers of pentosuric probands of each genotype, with expected numbers based on allele frequencies among controls. No deviation from Hardy-Weinberg equilibrium was discernable in this small series (Table S2) . It is interesting to note also that the two probands who were compound heterozygotes for the two mutant alleles (55.III-1 and 63.III-1) are children of the only consanguineous marriages in these 15 families, the opposite of the pattern expected if the prevalence of pentosuria depended on marriages of closely related individuals. The absence of assortative mating with respect to DCXR genotype was also supported by the geographic origins in Europe [as originally reported to Margaret Lasker (23) ] of the families harboring each of the DCXR alleles. In the 19th century, ancestors of the study families and of controls carrying the DCXR alleles lived in all parts of central and eastern Europe, with no apparent regional differences by DCXR genotype (Table S3) .
Relative ages of alternate alleles of a gene can be evaluated by homozygosity mapping of the critical genomic region. Lengths of homozygous intervals on chromosome 17q25.3 harboring DCXR were calculated for unrelated subjects homozygous for DCXR c.583ΔC, for the one subject homozygous for DCXR c.52(+1) G > A, and for unrelated Ashkenazi Jewish controls wild-type at DCXR (Fig. 5 and Table S4 ). The longer homozygous region surrounding DCXR c.52(+1)G > A indicates that this allele has a more recent origin than DCXR c.583ΔC. Longer homozygous regions at both mutant alleles compared with wildtype DCXR in Ashkenazi controls suggest that both DCXR mutations appeared well after the European origin of the Ashkenazi Jewish population.
Discussion
The identification of DCXR c.583ΔC and DCXR c.52(+1)G > A as alleles responsible for pentosuria resolves the molecular genetics of Garrod's fourth inborn error of metabolism. That DCXR harbors the mutations responsible for pentosuria is not surprising, as deficiency of L-xylulose reductase has been known since 1970 to be the essential enzymatic defect in pentosuria (7) and the DCXR gene was cloned in 2002 (13) . The missing piece of the puzzle-identification of the DCXR mutations responsible for pentosuria-could be supplied only by sequencing DCXR in pentosuric individuals. Because pentosuria no longer comes to medical attention, the association of phenotype and genotype was possible only because families with pentosuria studied more than 50 y ago remained accessible, thanks to the foresight of Margaret Lasker in bequeathing her records on pentosuric families to A.G.M. for potential future studies. The close association of DCXR genotype and loss of L-xylulose reductase enzyme activity is illustrated by the consistency of our allele frequency estimates based on genotype with previous estimates based on enzyme analysis. The frequency of pentosuria carrier status in the Ashkenazi Jewish population was calculated by Lane and Jenkins in 1985, based on the proportion of healthy medical students with reduced erythrocyte levels of L-xylulose reductase (19) . Assuming that individuals with enzyme activity >2 SD below the sample mean were heterozygous for a pentosuria allele, these investigators estimated the allele frequency as 0.0127. Their result is close to our estimate of 0.0173 for the combined frequency for the two pentosuria alleles in the Ashkenazi Jewish population. Pentosuria has also been described in a large Lebanese kindred with relatives in Lebanon and South Africa (24, 25) , in a Japanese family (26) , and in a Canadian Indian of Athabascan ancestry in British Columbia (27) . The alleles responsible for the phenotype in these individuals remain unknown.
The allele frequencies of the two DCXR mutations causing pentosuria in the Ashkenazi Jewish population follow a pattern characteristic of other rare recessive alleles in this population. As indicated in the Israeli National Genetic Database, for most of the "Jewish genetic diseases" two or more mutations in the same gene have been observed, one relatively common and the others much less common (http://www.goldenhelix.org/server/israeli/). This pattern is the the same for Tay Sachs disease, Canavan disease, Bloom syndrome, maple syrup urine disease, mucolipodosis IV, and Gaucher disease. For genetic diseases that are relatively common both in the Ashkenazi Jewish population and elsewhere (such as cystic fibrosis and connexin26-associated hearing loss), two or more mutations in the same gene have also been observed, the more common allele found throughout Europe and the other alleles specific to the Ashkenazi population. It has been suggested that for recessive diseases, an ancient mutation increases in frequency by selection, drift, or both, but rarer mutations become phenotypically evident through compound heterozygosity as the result of endogamy (28) .
Risch et al. have suggested that founder alleles in the Ashkenazi Jewish population date to one of three time periods: the founding and expansion of the Jewish population in the Middle East >100 generations ago, the founding and expansion of the Ashkenazi Jewish population in Central Europe ∼50 generations ago, or the founding and expansion of the Jewish population in Lithuania and nearby regions of the Pale of Settlement ∼12 generations ago (29) . As more heterozygous carriers of these DCXR alleles are identified, it will be interesting to determine the ages of these mutations relative to these periods of Jewish history in Europe.
The fact that pentosuria is a benign condition, with no detectable effect on health or lifespan, suggests that DCXR and the glucuronate oxidation pathway might be entirely expendable. However, it has been hypothesized that the enzyme encoded by DCXR has additional roles and may be important under certain conditions. In addition to L-xylulose, substrates of the enzyme include compounds with α-dicarbonyl groups (13) . Reactive carbonyl compounds are produced by metabolic reactions and production is enhanced in response to oxidative stress. These carbonyl compounds combine with serum and tissue components to form advanced glycation end-products (30) (31) (32) , accumulation of which are associated with diabetes and renal failure (30, 31, 33, 34) . It is hypothesized that reduction of dicarbonyl compounds by DCXR could provide a detoxification function and result in reduced advanced glycation end-product accumulation (13) . Consistent with this hypothesis, it was found that renal α-dicarbonyl compounds were decreased in DCXR-transgenic mice after renal unilateral ureteral obstruction (35) , and that diabetic symptoms were reduced when DCXR-transgenic mice were crossed to the KK-A y diabetic model (36) . These results suggest that the level of xylulose reductase activity may be important under some disease conditions. With the identification of . Homozygosity mapping at DCXR on chromosome 17q25.3. The homozygous region surrounding DCXR for the subject homozygous for DCXR c.52(+1)G > A (green bar) is longer than those of subjects homozygous for DCXR c.583ΔC (blue bars), and much longer than those of Ashkenazi Jewish control subjects with wild-type DCXR sequences (mean length for 11 controls shown by the purple bar; details in Table S4 ). Position of the DCXR locus is indicated by the small black bar. Linkage disequilibrium values based on D′ from phased genotypes of individuals of European ancestry in the HapMap cohort (http://hapmap.ncbi.nlm.nih.gov) are shown in red. Relative lengths of the homozygous regions suggest that DCXR c.52(+1)G > A arose more recently than DCXR c.583ΔC and that both appeared after the European origin of the Ashkenazi Jewish population.
the mutations leading to pentosuria in the Ashkenazi Jewish population, it would be possible to test whether diabetic nephropathy is more frequent among Ashkenazi Jewish individuals with DCXR loss of function mutations.
The contribution of Garrod's inborn errors of metabolism has been more fully appreciated in recent years than during his lifetime (2, 4, 5) . Garrod established the conceptual basis for the convergence of Mendelian genetics and chemistry. He recognized that metabolism was dynamic, and that a block in an otherwise normal pathway, causing a build-up of a metabolic intermediate, could lead to disease. He further understood that these errors could be inherited and were more frequent in consanguineous families and in communities with a history of endogamous marriages. He recognized the challenge of disentangling inherited and environmental causes of the same phenotype and of the importance of rare alleles, which he called "sports," as the causes of these conditions (37) . The identification of mutations responsible for the fourth of Garrod's original inborn errors of metabolism adds another chapter to this story and illustrates the power of modern genomics to elucidate the mechanism of mutational action.
Materials and Methods
Human Subjects and DNA. Families were identified from the records of Margaret Lasker and contacted by letter. After explanation of the project by letter and by phone, subjects provided informed consent and blood samples. DNA was extracted from blood, and cell lines were established from lymphoblasts, both using standard methods. Control subjects were 1,067 unrelated individuals of Ashkenazi Jewish ancestry who had given prior permission for their anonymous DNA samples to be used for genomics projects in our laboratory. The project was approved by the Human Subjects Division of the University of Washington (protocol 27824).
DNA Sequencing. For exome sequencing of the individual in whom heterozygosity at DCXR was first discovered, a library was prepared from genomic DNA extracted from blood and hybridized to cRNA oligonucleotide baits from the SureSelect Human All Exon kit (Agilent Technologies). Paired-end reads of 76 base pairs were generated on our Illumina GAIIx, as previously described (38) . Average coverage for this sample was 125×. The variant chr17:79,994,115 delG was verified by Sanger sequencing. For Sanger sequencing of DCXR in all participants, DCXR exons were amplified by PCR and amplified products were sequenced on an ABI 3100 Genome Analyzer. Primers are listed in Table S5 .
Transcript Analysis. Transcripts produced by the DCXR c.52(+1)G > A allele were identified by amplifying and cloning exons 1 to 6 from lymphoblast cDNA, using PCR primers indicated in Table S5 . Individual clones were sequenced.
Western Blotting. Lymphoblast cell lysates (25 μg) were separated by SDS/ PAGE, transferred to Immobilon-FL membrane (Millipore), and blotted with antibodies against DCXR (1:250, clone 6A6; Sigma-Aldrich) and HPRT (1:200, sc-20975; Santa Cruz Biotechnology). Proteins were detected with IRDyeconjugated secondary antibodies, followed by analysis with an Odyssey infrared imaging system (LI-COR Biosciences).
Quantification of Xylulose in Plasma. The approach developed for this project for measurement of xylulose in plasma by the use of liquid chromatography-MS is described in SI Materials and Methods.
Haplotype Analysis. Genomic DNA from subjects 45.II-2, 89.II-1, and 94.II-2, who are homozygous for DCXR c.583ΔC, and from 81.II-2, who is homozygous for DCXR c.52(+1)G > A, were genotyped with the use of the Affymetrix GeneChip 250K Nsp SNP array, as previously described (39) . Boundaries of homozygous intervals were defined as the occurrence of two heterozygous markers in a ten-marker window (Table S4) .
